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We have used two different types of capacitative sensors for detecting the
phase separation boundary in 3He-*He miztures. We have used a paral-
lel plate geometry to make bulk concentration measurements, and we have
developed inter-digital capacitors (IDC’s) to make local concentration mea-
surements. The IDC’s were developed as part of our on going effort to study
the tricritical point in the absence of acceleration. The IDC’s should be well
sutted for making measurements of the phase separation on the 3 He rich side
of the phase diagram where the minority * He rich phase will grow out from
the walls. The resolution and advantages of these two types of sensors are
presented below along with preliminary ground based measurements of the
phase separation boundary taken with the IDC’s.

1. INTRODUCTION

Tricritical points are among the few physical systems for which Renor-
malization Group theory produces exact predictions. Therefore, the tri-
critical point in the 3He-*He phase diagram offers many unique opportuni-
ties to test the understanding of critical phenomena.!:? In particular, all of
the phase boundaries should appear linear in the temperature concentration
plane approaching the tricritical point, with extremely weak logarithmic cor-
rections. To fully test these predictions, the inhomogeneities introduced in
the presence of gravity by the diverging concentration susceptibility must be
removed by performing the experiment in a micro-gravity environment.3

Before an experiment to study the tricritical point can be fruitfully per-
formed in the micro-gravity environment of an orbiting platform (like the
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International Space Station), one must understand how the phase separation
process will occur in the absence of the stabilizing influence of gravity. On
the *He-rich side of the phase diagram, where the 3He molar concentration,
X, is less than the tricritical concentration, Xtcp=0.675,1 the minority phase
will grow out of the *He enriched liquid-vapor interface at the bubble.® If the
cell is appropriately designed to have a vapor bubble outside the measure-
ment volume, there will be a range in temperature over which the sample cell
contains only the *He-rich component of the phase separated mixture. In
contrast, on the *He-rich side of the phase diagram (X > X;.) phase separa-
tion will start with the formation of a macroscopically thick *He-rich surface
layer, filling the sample cell with layers of both phases. This understanding
of the phase separation process implies that while a global concentration
sensor would be appropriate for observing phase separation on the *He rich
side, a sensor sensitive to the concentration near the cell walls would be more
appropriate to use on the 3He rich side.

We are developing capacitors as concentration sensors since the mix-
ture’s dielectric coefficient, €, depends on the concentration. The close re-
lationship between the concentration and the dielectric constant makes it
possible to detect phase separation as a sharp kink in the dielectric con-
stant. When the sample is cooled down, on phase separation the mixture is
constrained to follow the phase separation curve instead of continuing along
a path of constant concentration. We use parallel plate capacitors to mea-
sure the global concentration in our sample cell and inter-digital capacitors
(IDC’s) to sense the surface layer concentration. The remainder of this pa-
per focuses on the IDC’s we have developed, giving their specifications along
with a comparison to our measurements using parallel plate capacitors. We
also present the data from our preliminary ground based phase separation
studies using IDC’s .

2. INTER-DIGITAL CAPACITORS

The IDC’s we have developed consist of an array of equally spaced in-
terpenetrating electrode fingers (see Figure 1). The spacing between the
fingers equals the width of the individual fingers. The capacitors were pro-
duced using standard lithography techniques to pattern a 300nm thick gold
layer evaporated on top of a chrome coated single crystal quartz substrate.
IDC’s of two different configurations were manufactured: 80 fingers 50um
wide with an 8mm overlap and 76 fingers 20m wide with a 3mm overlap. A
total of four sensors were deposited on the substrate, three 20um capacitors,
arranged in an equilateral triangle around one 50pm sensor (see Figure 1).
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Fig. 1. Schematic representation of our IDC and sample cell. The IDC has
a finger width, d, equal to the finger spacing. For our sensors, h=0.3um,
(d=50pm, L=8mm) and (d=20pm, L=3mm). There are a total of 4 sensors,
one 50um, and three 20um sensors per substrate. Note that the IDC’s are
mounted on the top surface of the pancake volume in the copper cell.

The capacitance of an IDC can be analyzed by defining a unit cell
consisting of a pair of electrode fingers. Then the total capacitance is just
the sum of the capacitance, Cy., of all the parallel unit cells created by the N
fingers: C = L(IN — 1)Cy.. The capacitance of each unit cell can be further
decomposed into three parallel capacitors: Cr_¢ (capacitance of the fingers
in the lower half plane containing the quartz substrate), Cp_ g, (capacitance
of the fingers in the upper half plane), and Cyap— e (capacitance of the
gap region between the fingers). The capacitance of the fingers has been
calculated using conformal mapping® to be given by:

e+ cne K[(1 = (d/20))

Cr-q+Cp-tie = 0= K[d/2d]

= 0.6396¢0(eq+e€pe) (1)
where K[z] is the complete elliptic integral of the first kind. The capacitance
in the gap volume between the fingers can be treated as a plate capacitor:

h
Cgap——He = EOEHeE~ (2)

In contrast to the parallel plate geometry, the capacitance of the IDC
is strongly influenced by the substrate the capacitor is deposited on as can
be seen from equation 1. Because the dielectric coefficient of the quartz
is significantly larger than that of the helium (about 3.4 versus 1.05), the
contribution from Cp_g is the largest component of the total capacitance.
Also, the dielectric coeflicient of quartz is temperature dependent. Therefore,
the empty cell capacitance must be measured as a function of temperature
to extract the dielectric coefficient of the helium from the filled cell data.
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Fig. 2. Comparison of IDC (solid triangles, left scale) and parallel plate
(open circles, right scale) data for phase separation on the helium-4 rich
side of the coexistence curve (X = 0.64 (IDC) and 0.65 (plate)), and on the
helium-3 rich side ( X = 0.69, Xrpc > Xpiate)-

The sensitivity of the IDC to changes in the helium dielectric can be cal-
culated from equations 1 and 2. Neglecting small corrections, the sensitivity
can be written as: Y 4
where A =dx L x (2N - 1), is the active area of the IDC. Equation 3 shows
that the sensitivity of the IDC is about one third the sensitivity of a parallel
plate capacitor with the same overall area and a plate spacing equal to the
IDC finger spacing.

One of the desirable features of an IDC is its sensitivity to only a small
volume near the capacitor. Numerical modeling of a capacitor similar to
the ones used here showed that the capacitors are sensitive only to a region
within 1/3 to 1/2 the finger width, d.” So, for an appropriate choice of d, the
dielectric coefficient of a few um thick surface layer can be measured. This
is in contrast to a parallel plate capacitor where a thin surface layer would
be averaged out unless the cell was of a size comparable to the surface layer.

3. EXPERIMENTAL RESULTS

The experimental cell used was a copper cell consisting of a lower pan-
cake shaped volume, 127um tall, and a larger upper volume containing the
wire feed throughs and vapor bubble. The substrate containing the IDC’s
was epoxied flush into the top of the pancake region of the cell (see figure
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Fig. 3. Dielectric coeficient at phase separation for a representative 20um
and the 50pm IDC sensors. Notice that the 50um sensor is less affected by
the growth of the helium-4 rich film.

1). The IDC’s were placed away from the bottom of the cell so that the for-
mation and growth of the helium-4 rich film on the helium-3 rich side of the
phase diagram could be observed separated from the bulk phase separation.

Raw capacitance data at phase separation for one of the 20um IDCs
is shown in figure 2. Also shown in figure 2 is data taken using a parallel
plate capacitor with a spacing of 160um and an area of 1.8cm?. As can
be seen from the scales for the two traces and the initial slopes after phase
separation, the observed sensitivity of the IDC is almost 8 times less than
that of the parallel plate capacitor. This lower sensitivity for the IDC is
consistent with equation 3 and the geometry of the capacitors.

More interesting than the sensitivity of the two capacitors is the quali-
tative behavior at phase separation. For concentrations with concentration
X < Xiep, both capacitors show a sharp kink upward in their capacitance
on cooling through phase separation as the capacitors measure the dielec-
tric coefficient of the majority *He phase along the coexistence curve. For
X > Xicp the parallel plate capacitor still shows a sharp kink as the mixture
is cooled through phase separation (downwards this time since the 3He rich
phase is the majority phase). In contrast, at phase separation, the capac-
itance of the IDC initially increases as the *He surface layer grows. Once
this surface layer has stabilized, the IDC capacitance starts to decrease and
follow the dielectric coefficient of the majority, 3He rich phase, along the
coexistence curve.

The capacitance measurements of the IDC were converted into the di-
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electric coefficient of the helium by correcting for the quartz background
(measured with the cell empty) and verifying the coefficients of equations
1 and 2 at a temperature well above the coexistence curve where the mix-
ture’s dielectric coefficient is known.® Figure 3 shows the measured dielectric
coefficient for a representative 20um IDC’s and the 50um IDC. As can be
seen from the figure, the effect of the *He film is much smaller for the 50um
than the 20pm. This difference is expected since the surface film’s saturated
thickness should be only a few um’s, which is a much smaller fraction of the
active region of the 50pm IDC than the 20um.
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